All-optical switching (AOS) refers to switching magnetization by femtosecond laser pulses and was first observed in ferrimagnetic GdFeCo alloys. [1] [2] [3] Single-pulse AOS has gained extensive attention due to the intriguing underlying physics and its potential for ultrafast data writing technologies. Recently, it was demonstrated that not only alloys, but also Pt/Co/Gd stacks can be switched by the use of a single linearly polarized laser pulse. 4 This syntheticferrimagnetic multilayer has proven to be an ideal candidate for the integration of AOS in future magnetic memory devices. 5 Moreover, it has been shown that AOS in Pt/FM/Gd is very robust and can be achieved for a relatively large ferromagnetic (FM) layer thickness, i.e., the switching mechanism in synthetic-ferrimagnetic multilayers is independent of magnetization compensation. 6 The key ingredient of single-pulse AOS is that the material system contains multiple magnetic sublattices, coupled by an antiferromagnetic exchange interaction. The exchange coupling drives the magnetization reversal by transferring angular momentum between the sublattices. 7 This insight was corroborated by simulations using the atomistic Landau-Lifshitz-Gilbert equation. [8] [9] [10] [11] [12] An alternative approach was derived by extending the microscopic threetemperature model (M3TM) to multisublattice magnets. 13 The latter includes exchange scattering as the mechanism for angular momentum transfer between the sublattices. Very recently, we extended this model to describe single-pulse AOS in Co/Gd bilayers. 6 Based on the simulations, it was concluded that the robustness of AOS in Pt/FM/Gd is caused by the non-local character of the switching mechanism. For example, the mechanism in Co/Gd bilayers can be understood as a front of reversed Co magnetization that, after laserpulse excitation, nucleates at the Co/Gd interface and propagates through the Co layer driven by exchange scattering. An important question is to what extent the properties of the Co/Gd interface, e.g., the amount of intermixing, affect the switching mechanism within the model.
In this work, we show that intermixing reduces the threshold fluence for AOS in Co/Gd bilayers and leads to faster propagation of the switching front. We perform simulations of AOS in Co/Gd bilayers including an intermixed interface. In order to do this, we define each atomic monolayer in the Co/Gd bilayer as a GdCo alloy with an arbitrary Co concentration. By choosing the appropriate Co concentration for each monolayer, a Co/Gd bilayer including an intermixed (alloyed) interface is modelled. We use the M3TM including exchange scattering to describe the magnetization dynamics of the ARTICLE scitation.org/journal/adv system. 6, 13 We present phase diagrams that show the reduced threshold fluence. Finally, we analyse the role of intermixing on the propagating switching mechanism by calculating the switching times for the individual atomic monolayers. To describe the system of interest, we introduce multiple spin subsystems that are all coupled to a single electron and phonon system. 13 We consider the same approximations as the basic M3TM, 14 where the electrons are described as a spinless free electron gas and the phonons are treated within the Debye model. The electron and phonon system are internally thermalized and the electron temperature Te and phonon temperature Tp are homogeneous. The spin specific heat is neglected. The electron system contains an energy source term which represents the laser pulse. Heat diffusion to the substrate is included in the phonon system as an energy dissipation term. The spin subsystems are treated within a Weiss mean field approach and all compose a magnetic sublattice with at each lattice site Ds = μat/2S spins, where μat is the atomic magnetic moment (in units of the Bohr magneton μB) and S is the spin quantum number.
We consider a system of N atomic monolayers. Each layer i corresponds to a two-dimensional Gd 1−x i Cox i alloy with Co concentration xi. Hence, all the layers consist of two magnetic sublattices, one for each compound. We define m Co,i and m Gd,i as the normalized magnetization of a specific magnetic sublattice in layer i (i ∈ [1, N]). In the following, we only take into account nearest neighbour interactions. First, we introduce the bulk exchange splitting for a Gd 1−x i Cox i alloy with Co concentration xi 6
where we defined γ kl = j kl zDs, l S l (k, l ∈ {Co, Gd}) in terms of the (intra-or intersublattice) exchange coupling constant j kl and the number of nearest neighbours z.
To express the exchange splitting in the N layers of Gd 1−x i Cox i , we assume that the separate layers lie in the (111) plane of an fcc lattice. In that case, each atom has 6 nearest neighbours in the same layer and 3 nearest neighbours in each adjacent layer. The exchange splitting for a specific compound in layer i is
Note that for a homogeneous system (i.e., xi = x for all i) the exchange splitting reduces to the bulk value, equation (1) and (2). For simplicity, we describe both the Co and Gd by a S = 1/2 system. Hence, all the spin subsystems correspond to a two-level system, splitted by the energy Δ Co,i or Δ Gd,i . We note that the model can be easily extended to S = 7/2 for Gd. 6 In our model, the dynamics of the magnetic sublattices is driven by two interactions. First, Elliott-Yafet spin-flip scattering results in angular momentum transfer between the magnetic sublattices and the phonon system. The basic M3TM is used to describe the resulting magnetization dynamics. 14 Secondly, we include exchange scattering, which corresponds to electron-electron scattering with an opposing spin flip. Exchange scattering mediates angular momentum transfer between the different magnetic sublattices. The resulting magnetization dynamics is derived from Fermi's golden rule, using the exact same procedure as reported in Ref. 6 .
The result is a system of coupled differential equations, which expresses dm k,i /dt for all compounds k and layers i. Each equation will contain terms for the angular momentum transfer (by exchange scattering) between (i) the two different compounds in the same layer, (ii) two different compounds in adjacent layers and (iii) the same compound in adjacent layers. These terms will implicitly depend on the Co concentration of each layer via the coordination number, i.e., the number of nearest neighbours of a specific compound and layer. The latter involves the same counting procedure as the derivation of the exchange splitting in equation (3) and (4) . Furthermore, all the exchange scattering terms depend on the corresponding matrix element of the exchange scattering Hamiltonian and the probability of an electron-electron scattering event to occur. For the mathematical description of these terms and a detailed discussion about the system parameters, we refer to Ref. 6 .
The normalized magnetization m k,i (t) is calculated by solving the system of coupled differential equations numerically. In these simulations, the temporal profile of the laser pulse is given by
where P 0 is the laser pulse energy density and σ is the pulse duration, which is set to 50 fs. Furthermore, the ambient temperature T amb is set to 295 K.
We construct three phase diagrams that display the occurrence of AOS in Co/Gd bilayers as a function of the laser pulse energy P 0 and the number of Co monolayers N Co . Figure 1(a) shows the phase diagram for an ideal Co/Gd bilayer, without intermixing of the Co/Gd interface. Figure 1(b) displays the phase diagram for an intermixed Co/Gd interface, described by replacing the two layers adjacent to the interface by a Gd 0.5 Co 0.5 alloy. In Fig. 1(c) the intermixing region is further extended to four layers of Gd 0.5 Co 0.5 . Note that the definition of N Co is unchanged (see insets Fig. 1(a)-(c) ). The color scheme indicates whether the average magnetization of the Co layers is reversed after relaxation, which is determined by calculating its sign at t = 100 ps. Figure 1(d) -(e) show the dynamics of the normalized magnetization for an ideal Co/Gd bilayer, and are presented to clarify the color scheme of the phase diagrams. The blue regions indicate that AOS has occurred successfully, i.e., the magnetization is reversed ( Fig. 1(d) ). The white regions indicate that AOS has not occurred and the magnetization remained in its initial direction ( Fig. 1(e) ). The grey regions correspond to the situation where the phonon temperature Tp has exceeded the Curie temperature TC. In the experiments this would likely result in the creation of a multidomain state. 15 Figure 1 (a) clearly shows, as was reported earlier, 6 that the Co/Gd bilayers can be switched for a relatively large number of Co layers N Co , i.e., for a large Co layer thickness. Moreover, the threshold fluence increases as a function of N Co . The qualitative behaviour observed in the phase diagram can be understood by the switching mechanism in the Co/Gd bilayers. First, the Co layers near the interface are switched, creating a front of reversed Co magnetization. Subsequently, the front propagates through the system driven by exchange scattering between adjacent layers. 6 This propagating mechanism will continue until all Co layers are switched. Figure (a) shows the phase diagram for an ideal Co/Gd bilayer, without intermixing at the Co/Gd interface (see inset Fig. (a) ). Figure (b) shows the phase diagram for Co/Gd bilayers including intermixing, modelled by replacing the two layers adjacent to the interface by two layers of Gd 0.5 Co 0.5 (see inset Fig. (b) ). Figure (c) shows a similar phase diagram, but now the intermixing region is extended to four layers (see inset Fig. (c) ). The blue regions indicate a switch in the final state and the white regions indicates no switch. Grey indicates that the phonon temperature Tp exceeds the Curie temperature T C . The insets in (a)-(c) schematically show the modelled system. Figure (d) and (e) show the normalized magnetization of the Co an Gd layer as a function of time, in case of switching (d) and no switching (e).
The phase diagram for the Co/Gd bilayers including intermixing shows the same qualitative behaviour, as is depicted in Fig. 1(b) . Interestingly, for relatively thin Co layers (N Co = 3-5), the threshold fluence is reduced by ∼25% compared to the system without intermixing. The reduction of the threshold fluence can be understood by (i) in case of intermixing there is effectively more angular momentum transfer between Co and Gd sublattices and (ii) a decrease of the Curie temperature TC. Note that the observed value for the threshold fluence is now comparable to the value found in the simulations for the alloys. 6 Figure 1(c) shows that increasing the size of the intermixing region leads to a further reduction of the threshold fluence. However, no switching is observed for N Co = 3. This can be understood from the fact that this particular system is very similar to a homogeneous Gd 0.5 Co 0.5 alloy, which can not be switched because the total magnetic moment is not close to compensation. 6 Following the analysis of the phase diagrams, the question that arises is to what extent the intermixing of the Co/Gd interface influences the properties of the propagating switching mechanism. Figure 2 (a) shows a detailed analysis of the switching mechanism in a system of 10 Co and 5 Gd layers. It displays the time at which each individual Co layer is reversed as a function of the layer index. The Co layers are labeled from 1 to 10, where the index 1 represents the Co layer adjacent to the Co/Gd interface. We consider the same three systems as in the phase diagrams (with N Co = 10), which are schematically presented in Fig. 2(b)-(d) . Note that the layer indices are unchanged despite the addition of an intermixing region. In Fig. 2(a) , the red dots represent an ideal Co/Gd bilayer, without intermixing (see Fig. 2(b) ). The blue and yellow dots represent a Co/Gd bilayer with an intermixing region of two and four layers respectively (see Fig. 2 (c)-(d)). Figure 2 (a) shows that in all three systems the layers are switched consecutively starting with the layers near the interface, which defines the propagating switching mechanism. However, in case of an ideal Co/Gd interface, the layer adjacent to the interface acts differently. This is, in the approximation of only nearest-neighbour interactions, caused by the exchange field resulting from the slowly demagnetizing Gd layer. 6 This field slows down the demagnetization and reversal process of the inner Co layer due to the antiferromagnetic exchange coupling between Co and Gd. In the presence of intermixing, this effect is shifted to the unlabelled layers. Importantly, the blue and yellow dots clearly show that the propagating characteristics of the switching mechanism are maintained after including intermixing within the model. 
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To analyse the propagation speed of the switching front, we focus on the region from layer 3 to layer 10, which consists entirely of Co in all three systems ( Fig. 2(b)-(d) ). The propagation speed can be approximated from the interval between the switching times of layer 3 and 10 and the corresponding distance the switching front has travelled. Here, we take 0.2 nm for the thickness of one atomic monolayer of Co. 4 For the system without intermixing, the propagation speed is then given by approximately 2.1 km/s. For the systems including intermixing, we find a propagation speed of 3.9 km/s (Fig. 2(c) ) and 6.6 km/s (Fig. 2(d) ) respectively. Hence, intermixing of the Co/Gd interface increases the propagation speed of the switching front significantly. As noted before, intermixing leads to effectively more angular momentum transfer between the Co and Gd sublattices near the interface, increasing the magnetization gradient in the Co layer. This leads to a larger propagation speed of the switching front, because the speed is related to the magnitude of the magnetization gradient.
To conclude, within the model we considered in this paper, intermixing leads to a significant reduction of the threshold fluence for AOS compared to the ideal Co/Gd interface. Furthermore, intermixing does not affect the qualitative properties of the switching mechanism in Co/Gd bilayers. Quantitatively, intermixing increases the speed of propagation. Hence, previously reported statements about the switching mechanism in ideal Co/Gd bilayers can be generalized to bilayers including an intermixed Co/Gd interface.
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